Redistribution of the kinesin-II subunit KAP from cilia to nuclei during the mitotic and ciliogenic cycles in sea urchin embryos  by Morris, Robert L. et al.
www.elsevier.com/locate/ydbio
Developmental BiologyRedistribution of the kinesin-II subunit KAP from cilia to nuclei during
the mitotic and ciliogenic cycles in sea urchin embryos
Robert L. Morrisa,*, Christopher N. Englisha, Julia E. Loua, Fay J. Duforta,
Joshua Nordberga, Mark Terasakib, Beth Hinkleb
aDepartment of Biology, Wheaton College, Norton MA 02766, United States
bDepartment of Physiology, University of Connecticut Health Center, Farmington, CT 06032, United States
Received for publication 15 January 2004, revised 17 June 2004, accepted 18 June 2004
Available online 18 August 2004Abstract
KAP is the non-motor subunit of the heteromeric plus-end directed microtubule (MT) motor protein kinesin-II essential for normal cilia
formation. Studies in Chlamydomonas have demonstrated that kinesin-II drives the anterograde intraflagellar transport (IFT) of protein
complexes along ciliary axonemes. We used a green fluorescent protein (GFP) chimera of KAP, KAP-GFP, to monitor movements of this
kinesin-II subunit in cells of sea urchin blastulae where cilia are retracted and rebuilt with each mitosis. As expected if involved in IFT, KAP-
GFP localized to apical cytoplasm, basal bodies, and cilia and became concentrated on basal bodies of newly forming cilia. Surprisingly, after
ciliary retraction early in mitosis, KAP-GFP moved into nuclei before nuclear envelope breakdown, was again present in nuclei after nuclear
envelope reformation, and only decreased in nuclei as ciliogenesis reinitiated. Nuclear transport of KAP-GFP could be due to a putative
nuclear localization signal and nuclear export signals identified in the sea urchin KAP primary sequence. Our observation of a protein
involved in IFT being imported into the nucleus after ciliary retraction and again after nuclear envelope reformation suggests KAP115 may
serve as a signal to the nucleus to reinitiate cilia formation during sea urchin development.
D 2004 Elsevier Inc. All rights reserved.
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Cells of early sea urchin embryos must rapidly divide and
differentiate while maintaining motile cilia so the embryos
can swim and feed. The microtubule (MT) cytoskeleton and
its associated motor proteins, the dyneins and kinesins,
support these cellular requirements; MTs form the mitotic
spindle to separate chromosomes during cell division
(McIntosh et al., 1975; Scholey et al., 2001) and form the
core of the cilium that beats to propel the embryo through the
water (Witman, 1990; Stephens, 1995). During interphase,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.06.017
* Corresponding author. Department of Biology, Wheaton College, 26
East Main Street, Norton MA 02766. Fax: +1 508 285 8278.
E-mail address: rmorris@wheatonma.edu (R.L. Morris).each cell maintains a motile cilium with an axoneme
consisting of nine doublet and two singlet MTs and more
than 200 different accessory proteins assembled off an
apically positioned basal body (Dutcher, 1995). During
mitosis, the cell retracts and disassembles its axoneme, builds
a mitotic spindle with the centrioles as spindle poles, divides,
then returns its centriole pair to the apical cell surface to
restore its ciliated phenotype (Masuda and Sato, 1984).While
many studies have addressed the assembly of cilia andmitotic
spindles, the identities of molecules which might coordinate
these concurrent cycles of MT restructuring are yet unknown.
One molecular complex which might play roles in both the
ciliogenic cycle andmitotic cycle in sea urchin embryos is the
heteromeric plus-end directed MT-based motor protein,
kinesin-II. Kinesin-II consists of two motor subunits,
KRP85/KIF3A and KRP95/KIF3B, that heterodimerize and274 (2004) 56–69
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1993; Rashid et al., 1995; Yamazaki et al., 1995) in
association with a third non-motor subunit, KAP, that is
thought to mediate attachment of the motor subunits to
kinesin-II cargo via Armadillo repeats (Gindhart and Gold-
stein, 1996; Peifer et al., 1994; Wedaman et al., 1996).
Kinesin-II has been implicated in driving a variety of
organelle transport events (Marszalek and Goldstein, 2000)
including organelle transport within axons (Ray et al., 1999;
Yamazaki et al., 1995), melanophores (Tuma et al., 1998),
and mitotic spindles (Henson et al., 1995), but the best-
studied example of kinesin-II activity is in intraflagellar
transport (IFT) (Rosenbaum and Witman, 2002). IFT was
first identified in Chlamydomonas reinhardtii as the rapid
bidirectional transport of protein complexes along the outer-
doublet MTs of ciliary axonemes (Kozminski et al., 1993).
IFT is essential for formation andmaintenance of normal cilia
and defects in IFT proteins lead to pathologies such as
polycystic kidney disease (Pazour and Rosenbaum, 2002;
Rosenbaum and Witman, 2002). Studies from Chlamydomo-
nas (Kozminski et al., 1995) and Caenorhabditis elegans
(Orozco et al., 1999) have demonstrated that kinesin-II is
responsible for anterograde transport of IFT complexes (Cole
et al., 1998) delivering axonemal components for assembly at
the distal ciliary tip (Johnson and Rosenbaum, 1992; Piperno
et al., 1996) while cytoplasmic dynein 1b is responsible for
the complexes’ retrograde return (Pazour et al., 1999; Porter
et al., 1999; Signor et al., 1999a). Defects in kinesin-II
function have produced defects in ciliogenesis in all
organisms tested, including Chlamydomonas (Lux and
Dutcher, 1991), sea urchin (Morris and Scholey, 1997),
Tetrahymena (Brown et al., 1999), C. elegans (Signor et al.,
1999b), and mouse (Nonaka et al., 1998). In addition to its
role in IFT, kinesin-II may have roles in mitosis as well. In
Chlamydomonas, a temperature sensitive mutant of a
kinesin-II motor subunit, fla10-1, though not the null
mutation fla10-2, exhibits a slowing of the cell cycle (Lux
and Dutcher, 1991; Matsuura et al., 2002). In sea urchin
embryos, although loss of kinesin-II function by antibody
microinjection does not block mitosis (Morris and Scholey,
1997), immunofluorescent localization of the kinesin-II
complex suggests that kinesin-II may still play a mitotic role
in these cells by delivering membranous vesicles to the
cleavage furrow during cytokinesis (Henson et al., 1995).
To investigate the hypothesis that kinesin-II or its subunits
may play multiple roles in sea urchin embryos, we fused
green fluorescent protein to the non-motor kinesin-associated
polypeptide from sea urchin, SpKAP115 (Wedaman et al.,
1996), following the strategy of Orozco et al. (1999), and
visualized its movements and distributions in cells of living
sea urchin blastulae where the concurrent cycles of mitosis
and ciliogenesis are easily seen. Our results show not only
localization of KAP-GFP to basal bodies and cilia, but the
apparent nuclear import and export of KAP-GFP into and out
of the nucleus coordinated with ciliary retraction and mitosis.
This suggests that the KAP subunit of kinesin-II may servedual roles in these rapidly remodeling cells—supporting cilia
formation through involvement in IFT during interphase, and
signaling the nucleus that the cilium is retracted during
mitosis.Materials and methods
KAP115-GFP construct and other reagents
Standard recombinant PCR techniques were used to
attach GFP (S65T mutation) (Heim et al., 1995) to the C
terminus of Strongylocentrotus purpuratus SpKAP115
(Wedaman et al., 1996). PCR of SpKAP115 utilized primers
to remove the stop codon of SpKAP115 and PCR of GFP
utilized primers to remove the start methionine of GFP. The
resulting SpKAP115-GFP fusion (KAP-GFP) encodes the
entire SpKAP115 amino acid sequence followed by a small 6
amino acid linker (LGAGLE) and then amino acids 2
through 238 of GFP. KAP-GFP was inserted into the
pSP64-S expression vector (Krieg and Melton, 1984),
mRNA was prepared in vitro using the SP6 mMessage
mMachine kit (Ambion, Austin, TX), and mRNAwas stored
in water at 808C until use. Rhodamine-tubulin was
obtained from Cytoskeleton, Inc (Denver, CO). Rhod-
amine-dextran (70 kDa) was obtained from Molecular
Probes (Eugene, OR). All other chemicals were obtained
from Sigma (St. Louis, MO) except for NaCl for deciliation
which was obtained from Fisher Scientific (Pittsburgh, PA).
Handling and microinjection of sea urchin eggs
Lytechinus variegatus sea urchins were obtained from
Hsin-Drow Huang (Duke Marine Laboratory, Beaufort, NC)
and were used for all experiments for reasons explained
previously (Terasaki, 2000) and because KAP-GFP mRNA
was toxic to Lytechinus pictus embryos. Gametes were
obtained by single gonad injections of 0.5 M KCl (Fuseler,
1973); eggs were maintained in filtered natural sea water
(FNSW) at room temperature and sperm was kept bdryQ on
ice until use. Injections and embryo observations were
carried out in lateral injection chambers (Kiehart, 1982)
which gently compress the embryos against the coverslip. To
observe KAP-GFP and microtubules simultaneously, eggs
were injected with 2% of the cell volume of a 1:1 mixture or a
3% injection of a 1:2 mixture of KAP-GFP mRNA
(approximately 0.5–1 mg/ml in water) and rhodamine-
tubulin (10 mg/ml in buffer containing 80 mM PIPES, 1
mM MgCl, 1 mM EGTA, 1 mM GTP, pH 6.8). To observe
KAP-GFP and rhodamine-dextran simultaneously, eggs were
injected with 2% of the cell volume of a 1:1 mixture of KAP-
GFP mRNA (approximately 0.5–1 mg/ml in water) and 70
kDa rhodamine-dextran (2.5 mg/ml in injection buffer
containing 100 mM potassium glutamate, 10 mM HEPES,
pH 7). Injected eggs were allowed to recover N10 min before
fertilization by addition of activated sperm to the injection
R.L. Morris et al. / Developmental Biology 274 (2004) 56–6958chambers. KAP-GFP fluorescence was detected beginning 4
h after fertilization. Further details of microinjection equip-
ment and procedures are available at http://egg.uchc.edu/
injection. Ciliated embryos were occasionally held still for
observation by impaling with an emptymicroinjection needle
through a region of the embryo distant from regions to be
observed. Embryos were deciliated by replacing the FNSW
in the injection chamber with hypertonic seawater (HSW;
FNSW supplemented with 1M NaCl). After 15 min of HSW
exposure, N95% of cilia were disconnected from cells and the
HSW was replaced with two exchanges of FNSW to allow
reciliation. This procedure was modified from Stephens
(1986) to work on embryos trapped in lateral injection
chambers.
Imaging and image analysis
All imaging was performed on an MRC 600 laser
scanning confocal microscope (BioRad, Cambridge, MA)
mounted on a Zeiss Axioscope upright microscope (Carl
Zeiss, Thornwood, NY) using a krypton/argon laser and
either a Zeiss 40X, N.A. 1.3, Plan-Neofluar oil-immersion
objective or a Zeiss 40X, N.A. 1.2, C-Apochromat water-
immersion objective. Scanning was done using the K1 and
K2 two-channel filterblocks and 488-nm excitation light. To
collect en-face views of the ciliated epithelial surface and
lateral views of ciliated epithelial cells at approximately the
same time, multiple Z-stacks were collected sequentially
using either 1.2 or 3 Am z step sizes.
Fluorescence levels were quantified from movies of
sequential confocal scans taken at one consistent focal plane
at 7- or 15-s time intervals using NIH Image or Image J
(public domain software, National Institutes of Health,
Bethesda, MD; available for download at http://rsb.info.nih.
gov/nih-image/Default.html) or Scion Image (public domain
software, Scion Corp, Frederick,MD; available for download
at http://www.scioncorp.com). For Fig. 3, mean KAP-GFP
and rhodamine-dextran fluorescence values were determined
for the largest square or circular region that could be
contained clearly within the nucleoplasm of all nuclei distinct
for at least 1 min before nuclear envelope breakdown (NEB)
and all daughter nuclei distinct before 28 min after NEB.
Quantification of KAP-GFP levels in nuclei was performed
on 15 cells from two embryos before NEB and 6 cells from
one embryo after NEB. For Fig. 4, KAP-GFP levels on
spindle poles had to be normalized for whether the optical
section cut right through the spindle pole. This was
accomplished by dividing the mean KAP-GFP level for the
smallest square region that encompassed the pole by themean
rhodamine tubulin level for the same region. Quantification
of KAP-GFP levels on spindle poles was performed on five
spindle pole pairs from one embryo. For Fig. 6, KAP-GFP
levels on basal bodies had to be distinguished from the
variable KAP-GFP background levels. This was accom-
plished by determining a mean KAP-GFP background level
using a 10-pixel-diameter circle on the cytoplasm beside thebasal body and subtracting that from the mean KAP-GFP
level for the same sized circle surrounding the basal body
region. Quantification of KAP-GFP levels on basal bodies
was performed on 14 cells from one embryo before
deciliation and 17 cells from one embryo after deciliation.
Ratiometric images were created using Image J by
converting 8 bit original images to 32 bit, adding 1 to the
rhodamine-dextran images to prevent divide-by-zero errors,
dividing the KAP-GFP image by the rhodamine-dextran
images, multiplying the resulting ratio images by 100 to
scale them to an 8-bit grayscale, then converting images
back to 8 bit.
Primary sequence analysis
Nuclear localization signals (NLSs) and nuclear export
signals (NESs) identified in the literature (Conti et al.,
1998; Henderson and Eleftheriou, 2000) were found
manually in the primary sequence of SpKAP115 (Wedaman
et al., 1996). Putative NLS and NES sequences identified in
SpKAP115 were used to search for proteins with similar
sequences using protein–protein BLAST (http://
www.ncbi.nlm.nih.gov/blast/), and the frequency with
which the putative NLS of SpKAP115 was found in other
proteins was researched using PredictNLS software
(http://cubic.bioc.columbia.edu/predictNLS/) (Cokol et al.,
2000). Potential phosphorylation sites on SpKAP115 were
located using ScanProsite (http://www.expasy.org/cgi-bin/
scanprosite) (Gattiker et al., 2002).Results
KAP-GFP distribution in ciliated blastomeres
KAP-GFP fluorescence in Lytechinus variegatus embryos
coinjected with KAP-GFP mRNA and rhodamine-tubulin
was observable 4 h after injection and fertilization. To
investigate the hypothesis that KAP-GFP expressed in sea
urchin embryos behaved like endogenous KAP and kinesin-
II, we looked for KAP-GFP localization where kinesin-II has
been demonstrated to localize previously. As seen for
kinesin-II motor subunits in other systems (Beech et al.,
1996; Cole et al., 1998; Orozco et al., 1999; Vashishtha et al.,
1996), KAP-GFP in the cytoplasm of sea urchin ciliated
blastomeres was preferentially distributed in apical regions
and around basal bodies (Fig. 1A). As seen for KAP-GFP in
C. elegans (Orozco et al., 1999), KAP-GFP in sea urchin cilia
localized to a persistent bright spot at the ciliary tip (Figs. 1B
and C). In addition, as seen for KAP-GFP in C. elegans
(Orozco et al., 1999), for Fla-10 motor in Chlamydomonas
(Vashishtha et al., 1996) and for KRP85 and KAP in sea
urchin and sand dollar sperm (Henson et al., 1997), KAP-
GFP appeared as puncta along the lengths of cilia (Fig. 1C).
Axonemal KAP-GFP puncta were dim and rearranged
between consecutive confocal image scans. Thus, KAP-
Fig. 1. KAP-GFP localization in cytoplasm and axonemes. (A) When viewed laterally, the microtubule array in interphase ciliated blastomeres radiated away
from the basal body (arrowhead) and downward into the cytoplasm. Microtubules rendered fluorescent by incorporation of rhodamine-tubulin (R-tub)
reached to and circumscribed the nucleus. KAP-GFP was most concentrated along the microtubules in the apical region including near the basal body
(arrowhead). (B) When a field of cilia on a ciliated blastula (red lines) was viewed en-face compressed by the coverslip into the plane of the optical section,
KAP-GFP signal (arrows) was detected at or near the distal ends of many cilia. The bases of the cilia are indicated by a white dot beside them. (C) In a
single cilium viewed as in B and imaged over time, the distal KAP-GFP signal persisted (arrow) while puncta of GFP-KAP fluorescence (arrowheads) were
observed in ever-changing locations along the axoneme. At the scan rate of our images, individual puncta could not be tracked unambiguously from frame to
frame. Scale bars are 5 Am.
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the same cellular subregions and compartments as KAP and
kinesin-II motors in other systems.
KAP-GFP redistribution to nuclei during mitosis
Immunofluorescence of kinesin-II during mitosis in early
sea urchin embryos suggests kinesin-II localizes to nuclei in
prophase then to detergent-sensitive vesicles on metaphasehalf-spindles and the anaphase spindle interzone (Henson et
al., 1995). To investigate this redistribution in living cells, we
followed KAP-GFP during mitosis in sea urchin embryos
starting with the sixth cell cycle. We observed a dramatic
redistribution of KAP-GFP into nuclei during mitosis (Fig.
2), with KAP-GFP fluorescence increasing in nuclei during
prophase, rising suddenly during prometaphase, and remain-
ing on the spindle during metaphase and anaphase before
dropping again by interphase.
Fig. 2. KAP-GFP redistribution to nucleoplasm and spindle during mitosis. Sequential confocal images of rhodamine-tubulin labeled microtubules (R-tub) and
KAP-GFP in one blastomere progressing through mitosis reveal a gradual increase in KAP-GFP in the nucleus during prophase (0:00 to 1:00) followed by a
sudden increase at onset of prometaphase (2:00), retention on the spindle from early metaphase to anaphase (3:20 to 9:00) and loss from daughter nuclei
(middle and lower left nuclei) by interphase (25:20). Scale bar = 10 Am.
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fluorescence we observed in the nucleus could be due to
simple diffusion into the nucleoplasm at nuclear envelope
breakdown (NEB) as suggested by Henson et al. (1995), we
coinjected KAP-GFP and 70 kDa rhodamine-dextran and
imaged both simultaneously during mitosis (Fig. 3). The
exact timing of NEB can be determined by observing the
nuclear influx of a large non-specific cytoplasmic marker
such as 70 kDa rhodamine-dextran (Terasaki et al., 2001).
Unlike rhodamine-dextran fluorescence, which increased
abruptly to maximal levels in the nucleus only at NEB,
KAP-GFP fluorescence increased gradually in the nucleus,
being detectably different from rhodamine-dextran’s levels
almost 3 min earlier, during prophase, then jumped abruptly
to its maximal levels simultaneously with rhodamine-
dextran at NEB. Ratiometric images comparing KAP-GFP
levels with rhodamine-dextran revealed that KAP-GFP
fluorescence was disproportionately concentrated in pro-
phase nuclei but not on the metaphase half spindles (Fig. 3)
nor on the anaphase spindle interzone (not shown) relative
to rhodamine-dextran. Beginning with nuclear envelope
reformation (NER), KAP-GFP was once again dispropor-
tionately concentrated in nuclei relative to rhodamine-
dextran and gradually returned to interphase levels over
approximately the next 10 min (Fig. 3).
Coordination of KAP-GFP redistribution with nuclear
migration and ciliary life cycle
To investigate whether changes of KAP-GFP levels in
the nucleus were coordinated with mitotic events other than
NEB, we imaged cells laterally to observe basal body
regions and nuclei simultaneously before, during, and after
mitosis. Observing MTs and KAP-GFP fluorescence in
epithelial cells of sea urchin blastulae this way revealed a
pattern of vertical nuclear migration coordinated with
changes in intranuclear KAP-GFP levels. In mid to latesea urchin blastulae, interphase nuclei were positioned
approximately 8 Am below the apical cell surface (Figs. 1,
4, and 5). Beginning approximately 20 min before NEB,
nuclei translocated from this basal position to an apical
position, splaying the MT array as they went (Fig. 4A). This
movement brought nuclei into the region of highest KAP-
GFP concentration and was followed by elevation of
intranuclear KAP-GFP levels and NEB (Fig. 4A).
Because of the important role kinesin-II is known to play
in the formation and maintenance of cilia in sea urchin
embryos (Morris and Scholey, 1997) and other systems
(Marszalek and Goldstein, 2000), and because the single
cilium that forms on each cell of a ciliated blastula is
retracted before mitosis (Masuda and Sato, 1984), we
investigated the relationship between ciliary retraction and
KAP-GFP elevation in the nucleus (Fig. 4B). After nuclei
had assumed their apical position but before intranuclear
KAP-GFP levels increased, spindle pole duplication and
ciliary retraction occurred. As spindle poles separated, KAP-
GFP seemed to remain preferentially associated with the
pole formed from the basal body relative to the other spindle
pole (Fig. 4B). This observation was supported quantita-
tively; the ratio of KAP-GFP fluorescence levels on the basal
body spindle poles relative to the newer pole, normalized
against their colocalizing rhodamine tubulin fluorescence
levels, was 1.20 F 0.16. KAP-GFP levels began rising in
the nucleus only after the disassembly of the fully retracted
cilium was well underway (Figs. 4A and B).
To investigate the timing of KAP-GFP loss from
telophase nuclei with the return of the nucleus to the
basal cytoplasm, we optically sectioned cells laterally
immediately following mitosis (Fig. 5). The timing of
nuclear migration back to the basal cytoplasm coincided
with the diminishment of KAP-GFP in the nucleoplasm;
nuclei exiting telophase remained apical for approxi-
mately 10 min after NER until most KAP-GFP was lost
from the nucleus, then migrated basal-ward away from
Fig. 3. Comparison of KAP-GFP and rhodamine-dextran levels in nuclei and on spindles through mitosis. (A) Sequential confocal images of rhodamine-
dextran (R-dex) and KAP-GFP in one cell progressing through mitosis reveal when and where KAP-GFP was disproportionately concentrated over rhodamine-
dextran. Differences between the two signals are emphasized in ratiometric images of the KAP-GFP image divided by the R-dex image (Ratio). Times are
indicated relative to NEB (0:00) with earlier times denoted as negative. By this sensitive method of comparison, there was an increasing difference in KAP-
GFP signal relative to R-dex from 2:45 until NEB. At NEB (0:00), when KAP-GFP and R-dex signals were brightest in the former nucleoplasm as they both
diffused freely into this space, the ratio was dropping indicating disappearance of any disproportionate concentration of KAP-GFP. During metaphase (12:30),
the ratio of KAP-GFP to R-dex signal was even, indicating that KAP-GFP was not concentrated anywhere over where large molecules could diffuse freely.
After NER (25:00), KAP-GFP was again concentrated in the nucleoplasm of the daughter nuclei (one is centered in 25:00) relative to R-dex, then gradually
diminished to levels comparable to R-dex over approximately the next 10 min. Bright region in the top left corner of the ratio images after telophase is an
artifact of dividing extraembryonic background pixels. (B, C) Quantitation of the relative KAP-GFP (green) and rhodamine-dextran (red) fluorescence levels in
nuclei of mitotic cells revealed that KAP-GFP levels rose in nuclei before the sudden simultaneous rise in rhodamine-dextran and KAP-GFP at NEB (B), and
that KAP-GFP levels began higher and took longer to diminish than rhodamine-dextran levels after NER (C). Grey regions in B and C indicate time during
which the nuclear envelope was not intact so that the nucleus was absent or indistinct. Traces shown in B are typical of n = 15 cells from two embryos. Trace
shown in C is typical of n = 6 cells from two embryos. Scale bar = 10 Am.
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(Fig. 5).
Levels of KAP-GFP around the apical basal body
remained fairly constant as intranuclear KAP-GFP levels
rose and fell during the mitotic cycle but appeared to
increase transiently on the basal bodies at the onset of
ciliogenesis after mitosis (Fig. 6). To investigate the
pattern of KAP-GFP redistribution during a ciliary cycle
separate from the mitotic cycle, we experimentally
deciliated blastulae by hypertonic shock (Stephens,
1986) and imaged KAP-GFP distributions as all cells
simultaneously reinitiated ciliogenesis (Fig. 6). KAP-GFP
concentrated brightly on basal bodies and apical MT
arrays during and after experimental deciliation while no
clear concurrent increase in nuclear KAP-GFP fluores-
cence was observed.Putative nuclear localization signals and putative nuclear
export signals in KAP115
The observation that KAP-GFP levels increased and
decreased in the nucleus while the nuclear envelope was still
intact (Fig. 3) suggested that KAP-GFP may possess nuclear
localization signals (NLSs) and nuclear export signals
(NESs) allowing it to traffic through nuclear pores. A search
of the primary sequence of SpKAP115 (Wedaman et al.,
1996) revealed a putative NLS from amino acids 234–248
that is also present in the human homologue, SMAP (Shimizu
et al., 1996), and the mouse homologue, KAP3 (Yamazaki et
al., 1996) (Fig. 7). The sequence fits the consensus for
bipartite NLSs (Conti et al., 1998), is similar to NLSs
experimentally demonstrated to be functional such as
nucleoplasmin and its deletion mutant, D2/D159 (Dingwall
R.L. Morris et al. / Developmental Biology 274 (2004) 56–6962et al., 1988), and is similar to a putative NLS found in the
nuclear kinesin chromokinesin (Wang and Adler, 1995) (Fig.
7A). A search with the program PredictNLS (Cokol et al.,
2000) to find other proteins that also possess the
KKx(9)KKKK motif turned up five proteins, four of them
nuclear, including sea urchin histone H1 (Strickland et al.,
1980). The stretch of four lysines from amino acids 245–248
also matches the consensus sequence for monopartite NLSs
(Conti et al., 1998) found in the SV40 large T-antigen NLS(Kalderon et al., 1984), and matches a potential monopartite
NLS found in chromokinesin (Wang and Adler, 1995).
Investigation of the KAP115 primary sequence also revealed
five putative NESs, the fourth of which, from amino acids
440–449, was conserved in human (Shimizu et al., 1996) and
mouse (Yamazaki et al., 1996) homologues (Fig. 7B). Each of
these putative NES sequences matched the NES consensus
sequence (Henderson and Eleftheriou, 2000) and was similar
to several NES sequences experimentally demonstrated to be
Fig. 5. Descent of the nucleus back to basal cytoplasm after KAP-GFP fluorescence decrease in the nucleus. Sequential projections of rhodamine-tubulin (R-
tub) and single frames of KAP-GFP fluorescence in one telophase cell viewed laterally reveal that the cell’s nucleus (brackets) descended from the apical MT
array following decrease of intranuclear KAP-GFP fluorescence. In the Overlay images, rhodamine-tubulin alone appears red, KAP-GFP alone appears green,
and colocalization of the two appears yellow. Nuclei of two daughter cells in telophase (0:00) coalesced near lateral spindle poles (arrowheads) and spindle
midbody (arrow). The right-most daughter cell in 0:00 is followed through subsequent images. The cell completed telophase as its nucleus (brackets) became
spherical and the spindle pole/centrosome (arrowhead) returned to its apical position (4:40). While KAP-GFP fluorescence remained constant around the basal
body (white arrowheads), it diminished in the apical nucleus (4:40–9:30). The nucleus began descending away from the basal body (13:45) before intranuclear
KAP-GFP levels diminished to interphase levels (see nucleus half visible in lower right of same frame). KAP-GFP levels in the nucleus continued to diminish
as nuclear descent continued. To capture basal bodies and the juxta-nuclear MT array in one image, images of MTs are projections of two images separated by 3
Am in the z axis. To convey the brightness of KAP-GFP fluorescence around the basal body and in the nucleus, KAP-GFP images are non-projected images of
one focal plane bisecting the basal body and nucleus (0:00–7:00) or two focal planes spliced to include basal body and nuclear planes in one image (9:30–
18:00); the splice junction is covered by a horizontal line. Spliced regions were superimposed in the z axis so x dimensions remain unaffected while y-axis
dimensions across the splice line are underestimates. Persistent, apical, bright foci of rhodamine-tubulin fluorescence separate from the basal bodies are
rhodamine-tubulin inclusions we observed in our injected embryos; by comparing sequential images, the foci were noticeably disconnected from the MT
network and therefore distinguishable from the basal body and spindle poles. Scale bar = 5 Am.
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identical in all amino acid locations essential for function of
the cAMP-dependent protein kinase inhibitor NES (Wen etFig. 4. Events preceding KAP-GFP fluorescence increase in the nucleus. (A) As
fluorescence increase in the nucleus. Sequential projections of confocal images of
that the cell’s nucleus (brackets) ascended through the apical MT array into close
images in A and B, rhodamine-tubulin alone appears red, KAP-GFP alone appear
KAP-GFP concentrations were consistently localized around the basal body (arr
nucleus (0:00) but soon surrounded the nucleus as the MT array splayed around the
the nucleus achieved its most apical position (19:55). Spindle poles further separa
fluorescence began to rise in the nucleus at 19:55 but nuclear KAP-GFP levels in
cytoplasmic fluorescence onto the nucleus. Persistent, apical, bright foci of rhod
tubulin inclusions we observed in our injected embryos; by comparing sequentia
therefore distinguishable from the basal body and spindle poles. Scale bar = 5 Am.
in the nucleus. Sequential confocal images of rhodamine-tubulin (R-tub) and KAP
in the apically positioned nucleus as the basal body duplicated (arrowheads, 0:00
retracted (2:13 and arrow in 2:34). As the cilium retracted, KAP-GFP remained
following ciliary disassembly (3:16), KAP-GFP began redistributing into the nucal., 1995). When compared with positions of previously
identified Armadillo repeats (Gindhart and Goldstein, 1996),
the putative NLS falls within the only gap in the Armadillocension of the nucleus into the apical cytoplasm occurs before KAP-GFP
rhodamine-tubulin (R-tub) and KAP-GFP in one cell viewed laterally reveal
proximity with the basal body (arrowheads) early in mitosis. In the Overlay
s green, and colocalization of the two appears yellow. Although the highest
owheads), KAP-GFP was initially largely apical to the basally positioned
ascending nucleus (2:12–10:10). The basal body duplicated (arrowheads) as
ted and the cilium retracted (arrow, 21:10) before NEB (22:34). KAP-GFP
this series are masked by the image projection process, which superimposes
amine-tubulin fluorescence separate from the basal bodies are rhodamine-
l images, the foci were noticeably disconnected from the MT network and
(B) Retraction of the cilium occurs before KAP-GFP fluorescence increase
-GFP in one cell viewed laterally reveal that KAP-GFP levels remained low
), spindle poles separated (arrowheads in 2:13, 2:34, and 3:16), and cilium
preferentially localized around the basal body spindle pole (2:34) then,
leus (4:19) before NEB (4:33). Scale bar = 5 Am.
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interspersed throughout the Armadillo repeats (Fig. 7C).Discussion
KAP-GFP in sea urchin embryos cycles between
cytoplasmic and nuclear compartments
We have fused SpKAP115, the non-motor subunit of sea
urchin kinesin-II, to GFP to monitor the behavior of this
kinesin-II subunit during early development in sea urchin. In
four critical ways, KAP-GFP behaved as native KAP and
kinesin-II behave in sea urchin and other cell types
suggesting KAP-GFP is active in similar ways to native
KAP in sea urchin blastomeres. First, KAP-GFP localized tothe apical cytoplasm and basal body region in sea urchin
blastomeres (Fig. 1A) as kinesin-II does in other cells
(Beech et al., 1996; Cole et al., 1998; Orozco et al., 1999;
Signor et al., 1999a; Vashishtha et al., 1996). Second, KAP-
GFP concentrated on basal bodies and in nascent cilia at the
onset of ciliogenesis after experimental deciliation and after
mitosis (Fig. 6) as seen for kinesin-II and other IFT proteins
previously (Brown et al., 1999; Deane et al., 2001). Third,
KAP-GFP localized to the distal tips of cilia as seen for
kinesin-II in other cells (Brown et al., 1999) (Figs. 1B and
C). Fourth, KAP-GFP punctae were detected along the
lengths of cilia (Fig. 1C) as seen for KRP85 and KAP in sea
urchin and sand dollar sperm (Henson et al., 1997), for Fla-
10 motor in Chlamydomonas (Vashishtha et al., 1996), and
for IFT particles in C. elegans (Orozco et al., 1999). KAP-
GFP punctae in sea urchin cilia varied in position from
confocal scan to confocal scan (Fig. 1C) but because
individual spots could not be unambiguously tracked at
1.5 s time resolution, we refer to these spots as punctae
rather than as IFT particles. Whether KAP-GFP in these
cells is soluble or is associated with motors to form GFP-
kinesin-II, KAP-GFP mimics the important behaviors that
KAP and kinesin-II exhibit in support of IFT in other cells.
We have demonstrated that in sea urchin embryos, KAP-
GFP redistributes from cilia and apical cytoplasm into
nuclei in a cell-cycle dependent manner (Figs. 2 and 3). This
redistribution appears to represent active nuclear import and
export of KAP-GFP through nuclear pores possibly utilizing
an NLS and NESs in the KAP115 primary sequence (Fig.
7). In eukaryotes during interphase, nuclear pores provide a
nucleo-cytoplasmic barrier to diffusion of any molecule
larger than approximately 40 kDa (Keminer and Peters,
1999; Peters, 1983). Studies on NEB in starfish oocytesFig. 6. KAP-GFP localization during cilia formation. (A) Confocal lateral
views of at least four cells of a ciliated blastula undergoing deciliation
reveal that after 2 min of hypertonic shock, cells had begun shedding their
cilia off their rhodamine-tubulin-labeled (R-tub) basal bodies (dark arrow-
heads). Osmosis distorted cell and nuclear shape, but nuclei still in the focal
plane (brackets) remained devoid of R-tub and KAP-GFP fluorescence.
KAP-GFP was immediately concentrated on basal bodies (white arrow-
heads). Apical R-tub inclusions present before hypertonic shock (Figs. 4–6)
disappeared during hypertonic shock. (B) Confocal en-face views of KAP-
GFP fluorescence at the basal body level reveal that basal bodies (three
examples indicated by dark arrowheads) were the brightest foci of KAP-
GFP fluorescence before hypertonic sea water exposure (Before). KAP-
GFP fluorescence on basal bodies and apical MT arrays increased 2.9-fold
by 9 min after hypertonic shock (After). The domed apical domain of each
recovering cell created a circular halo of brighter KAP-GFP fluorescence
around each apical MT array. Images from before and after deciliation were
taken of different but identically treated injected embryos in the same
chamber using the same fluorescence imaging settings. (C) Confocal en-
face views of cilia on a normal growing blastula show that KAP-GFP was
concentrated in nascent cilia and was only occasionally detectable in the
bases of longer motile cilia. The positions of four nascent cilia are indicated
with arrowheads. Bright swellings on ends of longer cilia in rhodamine-
tubulin channel are the ciliary bases bending down into the embryo surface
and out of the plane of optical section. Noise in C was reduced by averaging
three image frames collected 1.5 s apart. Scale bars = 5 Am.
Fig. 7. Putative NLS and NESs in primary sequence of SpKAP115 and its
homologues. (A) SpKAP115 and its homologues from other deuterostomes
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excluded from nuclei by intact nuclear pores, to demonstrate
that the nuclear envelope breaks down in two phases (Lenart
et al., 2003; Peters, 1983; Terasaki et al., 2001). During
NEB phase I, while the nucleus still appears intact visually,
nuclear pores disassemble allowing a slow leak of 70 kDa
dextran into the nucleus (Lenart et al., 2003; Terasaki et al.,
2001). In the current study, the slow rise of 70 kDa dextran
in the nucleus could represent phase I of NEB lasting
approximately 30–40 s (Fig. 3B) whereas the rise of KAP-
GFP in the nucleus preceded this leak by 1–3 min (Figs. 3A
and B). During NEB phase II, the nuclear envelope
suddenly fenestrates and collapses back into the ER
allowing unobstructed diffusion of macromolecules into
the nuclear space (Lenart et al., 2003; Terasaki et al., 2001).
The rapid and simultaneous rise of 70 kDa dextran and
KAP-GFP in the nucleus in our cells appears to represent
phase II of NEB. But because nuclear KAP-GFP levels
began rising before nuclear 70 kDa dextran, and because
KAP-GFP (approximately 155 kDa) and GFP-kinesin-II
(approximately 335 kDa) are much larger than 70 kDa
dextran but enter the nucleus sooner, our data suggest that
KAP-GFP is being actively imported into the nucleusthrough intact nuclear pores. Moreover, all non-specific
macromolecules z40 kDa are size-excluded from nuclei
during the process of nuclear envelope reformation (NER)
(Swanson and McNeil, 1987). The higher levels of KAP-
GFP relative to 70 kDa dextran in nuclei after NER (Figs. 3
and 5) suggest that KAP-GFP is re-imported into telophase
nuclei and is then gradually exported.
The primary residence of any eukaryotic intracellular
protein is determined by the balance of its nuclear import and
export activities (Henderson and Eleftheriou, 2000), so how
might these activities be regulated for GFP-KAP? The
putative NLS and NESs on SpKAP115 (Fig. 7), if functional,
could drive the import and export of KAP-GFP or, through
protein–protein interactions (Sekimoto et al., 1997), of the
entire kinesin-II complex. Indeed, the human homologues of
KAP and KRP95, SMAP and Kif3A, co-immunoprecipitate
from the nuclear fraction of COS cells (Cobbe and Heck,
2000; Shimizu et al., 1998) suggesting kinesin-II can enter
nuclei as a complex. Phosphorylation could regulate the NLS
and NES activities of KAP-GFP (Addison et al., 1990; Jans etpossess a putative NLS which matches NLS consensus sequences and is
comparable to functional NLSs from other systems and to putative NLSs
from nuclear proteins. Shading indicates amino acids conforming to
consensus sequence. Boldface indicates basic amino acids in or adjacent
to consensus region. Underlining indicates amino acids experimentally
demonstrated in cited references to be essential for function of that NLS.
NLS sequences with no underlining are putative based on sequence
similarity. Nucleoplasmin mutant refers to experimentally created deletion
mutant D2/D159 (Dingwall et al., 1988). Chromokinesin possesses two
distinct putative NLS sequences. Histone H1, also from an urchin species,
possesses a putative NLS exactly matching that of KAP115. Species codes
are: u, urchin (Strongylocentrotus purpuratus for KAP115 and Parechinus
angulosus for histone H1); h, human; m, mouse; X, Xenopus laevis; c,
chicken; SV, simian virus 40; HIV, human immunodeficiency virus; r,
rabbit. Location number refer to the primary sequence position of the first
amino acid shown. (B) Putative NESs in KAP115 and its homologues from
other deuterostomes match the NES consensus sequence. Shading and
boldface indicate amino acids conforming to consensus sequence. Under-
lining indicates amino acids experimentally demonstrated in cited
references to be essential for function of that NES. NES sequences with
no underlining are putative based on sequence similarity. Tildes indicate
gaps. KAP115 possesses five sequences which match the NES consensus,
the third of which is conserved in the human (SMAP) and mouse (KAP3)
homologues. The four functional NES sequences shown demonstrate that
hydrophobic amino acids other than lysine are found in functional NES
sequences. Species codes are same as A. Location numbers refer to the
primary sequence position of the first amino acid shown. (C) Diagram of
SpKAP115 primary structure shows that the putative NLS falls in a gap
between Armadillo repeats and that the putative NESs fall within the
Armadillo repeats. Tyrosine residues which might serve as a targets for a
tyrosine kinase are predominantly in the C-terminal region as described
previously (Wedaman et al., 1996). Armadillo repeats are from Gindhart
and Goldstein, (1996). References for A and B: 1(Conti et al., 1998);
2(Wedaman et al., 1996); 3(Shimizu et al., 1996); 4(Yamazaki et al., 1996);
5(Dingwall et al., 1988; Robbins et al., 1991); 6(Addison et al., 1990);
7(Wang and Adler, 1995); 8(Strickland et al., 1980); 9(Kalderon et al.,
1984); 10(Henderson and Eleftheriou, 2000); 11(Fischer et al., 1995;
Henderson and Eleftheriou, 2000); 12(Fukuda et al., 1996; Henderson and
Eleftheriou, 2000); 13(Henderson and Eleftheriou, 2000; Wen et al., 1995);
14(Henderson and Eleftheriou, 2000; Stommel et al., 1999).
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(Shimizu et al., 1996), Src family kinases are active in sea
urchin development (Giusti et al., 2003), and SpKAP115
bears consensus phosphorylation sites for tyrosine kinases
and for cAMP- and cGMP-dependent protein kinases (http://
www.expasy.org/cgi-bin/scanprosite). Alternatively, pro-
tein–protein interactions with KAP-GFP could regulate its
NLS and NES activity by masking of translocation signals
(Henderson and Eleftheriou, 2000; Jans et al., 2000) since the
putative NES sequences of SpKAP115 all fall within the
Armadillo repeats (Fig. 7). If the NLS and NES sequences of
SpKAP115 are not functional, KAP-GFP could be shuttled
across the nuclear envelope through association with other
trafficked proteins (Sekimoto et al., 1997) such as the
importins which, like SpKAP115, bear multiple Armadillo
repeats (Conti et al., 1998).
The nuclear import and export of KAP-GFP correlated
with several concurrent and inter-related cycles in sea urchin
blastomeres. First is the mitotic cycle driven by maturation
promoting factor (MPF) which is itself imported into nuclei
before NEB (Doree andHunt, 2002; Gallant and Nigg, 1992).
Second is the nuclear ascension cycle we observed (Figs. 4
and 5) in which the nucleus migrates from the basal
cytoplasm to the apical before KAP-GFP import and NEB
then descends after NER and KAP-GFP export. A similar
pre-mitotic nuclear migration is known to occur in many cell
types (Wilson, 1925) and resembles the centrin-mediated
nuclear movement that immediately follow experimental
deflagellation in Chlamydomonas (Salisbury et al., 1987).
Although during its ascension the nucleus becomes immersed
in a large pool of apical KAP-GFP, we have no evidence that
KAP-GFP or kinesin-II are directly involved in the nuclear
ascension cycle. Third is the ciliogenesis cycle (Figs. 4–6) in
which the cilium is retracted and disassembled, the basal
body diplosome and its sister serve as mitotic spindle poles
then return to the apical cell surface after cytokinesis to
nucleate the formation of a new cilium (Masuda and Sato,
1984). Given the clear relationship between kinesin-II and
ciliogenesis in these cells (Morris and Scholey, 1997), we
suggest that the ciliogenesis cycle may play the dominant role
in regulating the KAP-GFP nuclear import cycle we
observed.
Roles of KAP in cilia and nuclei of sea urchin blastomeres
The best characterized function of kinesin-II and KAP in
urchin and other systems is in the formation and maintenance
of cilia and flagella (Brown et al., 1999; Morris and Scholey,
1997; Nonaka et al., 1998; Signor et al., 1999b; Vashishtha et
al., 1996), yet evidence supports other roles as well. In sea
urchin, when anti-kinesin-II antibodies are microinjected into
one-cell embryos, cilia that form on blastulae are short,
paralyzed, and lack central pair microtubules (Morris and
Scholey, 1997). Immunofluorescence localization of kinesin-
II in sea urchin and sand dollar sperm reveals punctate
staining along axonemes and around the midpiece (Henson etal., 1997). The current study further supports a role for KAP
in ciliogenesis; KAP-GFP localized to cilia (Fig. 1) and
concentrated on basal bodies after experimental deciliation
and in nascent cilia after mitosis (Fig. 6). Because these KAP-
GFP dynamics closely resemble those of IFT52 in Chlamy-
domonas which localizes to transitional fibers and is essential
for flagella formation (Deane et al., 2001), perhaps IFT
components dock and assemble on transition fibers in sea
urchin blastomeres as well. Furthermore, evidence continues
to build suggesting kinesin-II may play subtle roles in
mitosis. In human cells, the kinesin-II complex immunopre-
cipitates from nuclear extracts through the association of
SMAP with HCAP/SMC3, a subunit of the DNA-binding
protein cohesin (Cobbe and Heck, 2000; Shimizu et al.,
1998), suggesting a link between kinesin-II and sister
chromatid cohesion. In the current study, KAP-GFP was
imported into nuclei at prophase when cohesins dissociate
from chromosomes and was exported at telophase when
cohesins re-associate with chromosomes (Sumara et al.,
2000, 2002).
Several lines of evidence support the hypothesis that
KAP may be involved in cell signaling or transcription
regulation to signal the nucleus that the cilium has been
retracted. In sea urchin blastomeres, the cilium and all
transition zone accessory structures are retracted, disas-
sembled, and reassembled every cell cycle (Figs. 4 and 5)
(Masuda and Sato, 1984). The apparent preferential KAP-
GFP labeling of the basal body spindle pole after ciliary
retraction (Fig. 4B) may represent association with retracted
residual transition zone structures. Ciliary retraction ends
the need for IFT and liberates IFT proteins including
kinesin-II for other functions. IFT proteins are prime
candidates to serve as signaling molecules to alert the
nucleus that the cilium is missing from the cell surface
(Sloboda, 2002). Clearly, such signals exist since exper-
imental deciliation immediately triggers up-regulation of
key axonemal proteins and begins reciliation (Norrander et
al., 1995; Stephens, 1995). The present study is the first to
identify an IFT protein that translocates into the nucleus,
and we propose that KAP or kinesin-II may be involved in
signaling to the nucleus that ciliary retraction is complete.
Recent evidence shows that IFT proteins including
kinesin-II subunits are involved in cell signaling during
development and associate with proteins that have roles in
transcription regulation. Genetic evidence in mouse has
demonstrated that the IFT proteins IFT172/Wimple, IFT88/
Polaris/Flexo, and KFP85/Kif3A, a motor subunit of kinesin-
II, participate in the Sonic hedgehog signaling pathway
(Huangfu et al., 2003). Indeed, IFT172may be a transcription
factors itself (Miller and Cole, 2001). In human cells, the
KAP homologue SMAP is known to associate with the tumor
suppressor adenomatous polyposis coli (APC) and the
transcription factor activator h-catenin (Jimbo et al., 2002)
that shuttle together into the nucleus (Henderson, 2000). In
sea urchin blastulae,h-catenin switches from a cytoskeletal to
a nuclear localization to activate transcription factors during
R.L. Morris et al. / Developmental Biology 274 (2004) 56–69 67endodermal differentiation (Huang et al., 2000; Logan et al.,
1999). Since APC associates with KAP/SMAP through
KAP’s C-terminal Armadillo repeats (Jimbo et al., 2002)
thereby leaving KAP’s putative NLS exposed (Fig. 7), it is
interesting to speculate that upon ciliary retraction KAP
might undergo an APC-associated cytoplasmic-to-nuclear
role change like h-catenin in sea urchin blastomeres. The
reason that we did not observe nuclear KAP-GFP levels
rising dramatically upon deciliation (Fig. 6) could be because
the nuclear KAP-GFP signal was obscured in the osmotically
shrunken embryos or because different signals are used for
ciliogenesis after autotomy, the centrin- and katanin-driven
severing of cilia at the transition zone (Lohret et al., 1998;
Salisbury et al., 1987; Sanders and Salisbury, 1989) versus
after pre-mitotic ciliary retraction (Masuda and Sato, 1984).
Autotomy leaves in place an intact apical basal body and
transition zone with which IFT proteins associate (Deane et
al., 2001), and these structures are disassembled after pre-
mitotic ciliary retraction.
In summary, this study provides strong evidence that
KAP, a subunit of kinesin-II and a protein involved in IFT, is
cytoplasmic and associated with cilia when IFT is active and
is imported into nuclei when cilia are retracted and IFT is
precluded. Experiments are underway to test the hypotheses
that the nucleus monitors the state of cilia assembly through
nuclear KAP or kinesin-II levels and that KAP or kinesin-II
plays a signaling role to restart the ciliogenesis pathway.Acknowledgments
We would like to thank Jonathan Scholey for providing
the SpKAP115 gene for creating the KAP-GFP chimera and
for valuable discussions; Joel Rosenbaum, Jacqueline
Brooks, Doug Cole, Sue Dutcher, Betsey Dyer, Joe
Gindhart, Mike Gousie, Tim Mitchison, Shari Morris, Bob
Obar, Greg Pazour, and Gary Wessel for valuable discus-
sions and suggestions; Mijung Kwon for sharing prelimi-
nary immunofluorescence results; and Shawn Bates, Steve
Benz, Jonah Cool, Lauren Copp, Danielle Erkoboni, Cate
Hunt, and Sarah Phenix, for lab support and camaraderie.
In addition, we gratefully acknowledge financial
support from the National Science Foundation grant
01226637 to Wheaton College, the National Institutes of
Health grant RO1-GM60389 to M.T., the Gebbie Foun-
dation, the Mars Fellowships Program, the Wheaton
Fellowships Program, the Wheaton Foundation, the Filene
Center for Work and Learning, and the Tri-Beta Bio-
logical Society.References
Addison, C., Jenkins, J.R., Sturzbecher, H.W., 1990. The p53 nuclear
localisation signal is structurally linked to a p34cdc2 kinase motif.
Oncogene 5, 423–426.Beech, P.L., Pagh-Roehl, K., Noda, Y., Hirokawa, N., Burnside, B.,
Rosenbaum, J.L., 1996. Localization of kinesin superfamily proteins
to the connecting cilium of fish photoreceptors. J. Cell Sci. 109,
889–897.
Brown, J.M., Marsala, C., Kosoy, R., Gaertig, J., 1999. Kinesin-II is
preferentially targeted to assembling cilia and is required for cilio-
genesis and normal cytokinesis in Tetrahymena. Mol. Biol. Cell 10,
3081–3096.
Cobbe, N., Heck, M.M.S., 2000. SMCs in the world of chromosome
biology—From prokaryotes to higher eukaryotes. J. Struct. Biol. 129,
123–143.
Cokol, M., Nair, R., Rost, B., 2000. Finding nuclear localization signals.
EMBO Rep. 1, 411–415.
Cole, D.G., Chinn, S.W., Wedaman, K.P., Hall, K., Vuong, T., Scholey,
J.M., 1993. Novel heterotrimeric kinesin-related protein purified from
sea urchin eggs. Nature 366, 268–270.
Cole, D.G., Diener, D.R., Himelblau, A.L., Beech, P.L., Fuster, J.C.,
Rosenbaum, J.L., 1998. Chlamydomonas kinesin-II-dependent intra-
flagellar transport (IFT): IFT particles contain proteins required for
ciliary assembly in Caenorhabditis elegans sensory neurons. J. Cell
Biol. 141, 993–1008.
Conti, E., Uy, M., Leighton, L., Blobel, G., Kuriyan, J., 1998.
Crystallographic analysis of the recognition of a nuclear localization
signal by the nuclear import factor karyopherin alpha. Cell 94,
193–204.
Deane, J.A., Cole, D.G., Seeley, E.S., Diener, D.R., Rosenbaum, J.L., 2001.
Localization of intraflagellar transport protein IFT52 identifies basal
body transitional fibers as the docking site for IFT particles. Curr. Biol.
11, 1586–1590.
Dingwall, C., Robbins, J., Dilworth, S.M., Roberts, B., Richardson, W.D.,
1988. The nucleoplasmin nuclear location sequence is larger and more
complex than that of SV-40 large T antigen. J. Cell Biol. 107, 841–849.
Doree, M., Hunt, T., 2002. From Cdc2 to Cdk1: when did the cell cycle
kinase join its cyclin partner? J. Cell Sci. 115, 2461–2644.
Dutcher, S.K., 1995. Flagellar assembly in two hundred and fifty easy-to-
follow steps. Trends Genet. 11, 398–404.
Fischer, U., Huber, J., Boelens, W.C., Mattaj, I.W., Luhrmann, R., 1995.
The HIV-1 Rev activation domain is a nuclear export signal that
accesses an export pathway used by specific cellular RNAs. Cell 82,
475–483.
Fukuda, M., Gotoh, I., Gotoh, Y., Nishida, E., 1996. Cytoplasmic
localization of mitogen-activated protein kinase kinase directed by its
NH2-terminal, leucine-rich short amino acid sequence, which acts as a
nuclear export signal. J. Biol. Chem. 271, 20024–20028.
Fuseler, J.W., 1973. Repetitive procurement of mature gametes from
individual sea stars and sea urchins. J. Cell Biol. 57, 879–881.
Gallant, P., Nigg, E.A., 1992. Cyclin B2 undergoes cell cycle-dependent
nuclear translocation and, when expressed as a non-destructible mutant,
causes mitotic arrest in HeLa cells. J. Cell Biol. 117, 213–224.
Gattiker, A., Gasteiger, E., Bairoch, A., 2002. ScanProsite: a reference
implementation of a PROSITE scanning tool. Appl. Bioinformatics 1,
107–108.
Gindhart, J.G., Goldstein, L.S.B., 1996. Armadillo repeats in the
SpKAP115 subunit of kinesin-II. Trends Cell Biol. 6, 415–416.
Giusti, A.F., O’Neill, F.J., Yamasu, K., Foltz, K.R., Jaffe, L.A., 2003.
Function of a sea urchin egg Src family kinase in initiating Ca2+ release
at fertilization. Dev. Biol. 256, 367–378.
Heim, R., Cubitt, A.B., Tsien, R.Y., 1995. Improved green fluorescence.
Nature 373, 663–664.
Henderson, B.R., 2000. Nuclear-cytoplasmic shuttling of APC regulates
beta-catenin subcellular localization and turnover. Nat. Cell Biol. 2,
653–660.
Henderson, B.R., Eleftheriou, A., 2000. A comparison of the activity,
sequence specificity, and CRM1-dependence of different nuclear export
signals. Exp. Cell Res. 256, 213–224.
Henson, J.H., Cole, D.G., Terasaki, M., Rashid, D., Scholey, J.M., 1995.
Immunolocalization of the heterotrimeric kinesin-related protein
R.L. Morris et al. / Developmental Biology 274 (2004) 56–6968KRP(85/95) in the mitotic apparatus of sea urchin embryos. Dev. Biol.
171, 182–194.
Henson, J.H., Cole, D.G., Roesener, C.D., Capuano, S., Mendola, R.J.,
Scholey, J.M., 1997. The heterotrimeric motor protein kinesin-II
localizes to the midpiece and flagellum of sea urchin and sand dollar
sperm. Cell Motil. Cytoskeleton 38, 29–37.
Huang, L., Li, X., El-Hodiri, H.M., Dayal, S., Wikramanayake, A.H.,
Klein, W.H., 2000. Involvement of Tcf/Lef in establishing cell types
along the animal–vegetal axis of sea urchins. Dev. Genes Evol. 210,
73–81.
Huangfu, D., Liu, A., Rakeman, A.S., Murcia, N.S., Niswander, L.,
Anderson, K.V., 2003. Hedgehog signalling in the mouse requires
intraflagellar transport proteins. Nature 426, 83–87.
Jans, D.A., Xiao, C.Y., Lam, M.H., 2000. Nuclear targeting signal
recognition: a key control point in nuclear transport? BioEssays 22,
532–544.
Jimbo, T., Kawasaki, Y., Koyama, R., Sato, R., Takada, S., Haraguchi, K.,
Akiyama, T., 2002. Identification of a link between the tumour sup-
pressor APC and the kinesin superfamily. Nat. Cell Biol. 4, 323–327.
Johnson, K.A., Rosenbaum, J.L., 1992. Polarity of flagellar assembly in
Chlamydomonas. J. Cell Biol. 119, 1605–1611.
Kalderon, D., Roberts, B.L., Richardson, W.D., Smith, A.E., 1984. A short
amino acid sequence able to specify nuclear location. Cell 39, 499–509.
Keminer, O., Peters, R., 1999. Permeability of single nuclear pores.
Biophys. J. 77, 217–228.
Kiehart, D.P., 1982. Microinjection of echinoderm eggs: apparatus and
procedures. Methods Cell Biol. 25 (Pt. B), 13–31.
Kozminski, K.G., Johnson, K.A., Forscher, P., Rosenbaum, J.L., 1993. A
motility in the eukaryotic flagellum unrelated to flagellar beating. Proc.
Natl. Acad. Sci. U. S. A. 90, 5519–5523.
Kozminski, K.G., Beech, P.L., Rosenbaum, J.L., 1995. The Chlamydomo-
nas kinesin-like protein FLA10 is involved in motility associated with
the flagellar membrane. J. Cell Biol. 131, 1517–1527.
Krieg, P.A., Melton, D.A., 1984. Functional messenger RNAs are produced
by SP6 in vitro transcription of cloned cDNAs. Nucleic Acids Res. 12,
7057–7070.
Lenart, P., Rabut, G., Daigle, N., Hand, A.R., Terasaki, M., Ellenberg, J.,
2003. Nuclear envelope breakdown in starfish oocytes proceeds by
partial NPC disassembly followed by a rapidly spreading fenestration of
nuclear membranes. J. Cell Biol. 160, 1055–1068.
Logan, C.Y., Miller, J.R., Ferkowicz, M.J., McClay, D.R., 1999. Nuclear
beta-catenin is required to specify vegetal cell fates in the sea urchin
embryo. Development 126, 345–357.
Lohret, T.A., McNally, F.J., Quarmby, L.M., 1998. A role for katanin-
mediated axonemal severing during Chlamydomonas deflagellation.
Mol. Biol. Cell 9, 1195–1207.
Lux III, F.G., Dutcher, S.K., 1991. Genetic interactions at the FLA10
locus: suppressors and synthetic phenotypes that affect the cell cycle
and flagellar function in Chlamydomonas reinhardtii. Genetics 128,
549–561.
Marszalek, J.R., Goldstein, L.S., 2000. Understanding the functions of
kinesin-II. Biochim. Biophys. Acta 1496, 142–150.
Masuda, M., Sato, H., 1984. Reversible resorption of cilia and the
centriole cycle in dividing cells of sea urchin blastulae. Zool. Sci. 1,
445–462.
Matsuura, K., Lefebvre, P.A., Kamiya, R., Hirono, M., 2002. Kinesin-II is
not essential for mitosis and cell growth in Chlamydomonas. Cell Motil.
Cytoskeleton 52, 195–201.
McIntosh, J.R., Cande, W.Z., Snyder, J., Vanderslice, K., 1975. Studies on
the mechanism of mitosis. Ann. N. Y. Acad. Sci. 253, 407–427.
Miller, M.S., Cole, D.G., 2001. Chlamydomonas IFT172 is homologous to
rat selective LIM domain binding (SLB) protein, a transcription factor-
binding protein. Mol. Biol. Cell 12, 446a.
Morris, R.L., Scholey, J.M., 1997. Heterotrimeric kinesin-II is required for
the assembly of motile 9+2 ciliary axonemes on sea urchin embryos.
J. Cell Biol. 138, 1009–1022.Nonaka, S., Tanaka, Y., Okada, Y., Takeda, S., Harada, A., Kanai, Y., Kido,
M., Hirokawa, N., 1998. Randomization of left–right asymmetry due to
loss of nodal cilia generating leftward flow of extraembryonic fluid in
mice lacking KIF3B motor protein. Cell 95, 829–837.
Norrander, J.M., Linck, R.W., Stephens, R.E., 1995. Transcriptional control
of tektin A mRNA correlates with cilia development and length
determination during sea urchin embryogenesis. Development 121,
1615–1623.
Orozco, J.T., Wedaman, K.P., Signor, D., Brown, S., Rose, L., Scholey,
J.M., 1999. Movement of motor and cargo along cilia. Nature 398,
674.
Pazour, G.J., Rosenbaum, J.L., 2002. Intraflagellar transport and cilia-
dependent diseases. Trends Cell Biol. 12, 551–555.
Pazour, G.J., Dickert, B.L., Witman, G.B., 1999. The DHC1b (DHC2)
isoform of cytoplasmic dynein is required for flagellar assembly. J. Cell
Biol. 144, 473–481.
Peifer, M., Berg, S., Reynolds, A.B., 1994. A repeating amino acid motif
shared by proteins with diverse cellular roles. Cell 76, 789–791.
Peters, R., 1983. Nuclear envelope permeability measured by fluores-
cence microphotolysis of single liver cell nuclei. J. Biol. Chem. 258,
11427–11429.
Piperno, G., Mead, K., Henderson, S., 1996. Inner dynein arms but not
outer dynein arms require the activity of kinesin homologue protein
KHP1-FLA10 to reach the distal part of flagella in Chlamydomonas.
J. Cell Biol. 133, 371–379.
Porter, M.E., Bower, R., Knott, J.A., Byrd, P., Dentler, W., 1999.
Cytoplasmic dynein heavy chain 1b is required for flagellar assembly
in Chlamydomonas. Mol. Biol. Cell 10, 693–712.
Rashid, D.J., Wedaman, K.P., Scholey, J.M., 1995. Heterodimerization of
the two motor subunits of the heterotrimeric kinesin, KRP85/95. J. Mol.
Biol. 252, 157–162.
Ray, K., Perez, S.E., Yang, Z., Xu, J., Ritchings, B.W., Steller, H.,
Goldstein, L.S., 1999. Kinesin-II is required for axonal transport
of choline acetyltransferase in Drosophila. J. Cell Biol. 147,
507–518.
Robbins, J., Dilworth, S.M., Laskey, R.A., Dingwall, C., 1991. Two
interdependent basic domains in nucleoplasmin nuclear targeting
sequence: identification of a class of bipartite nuclear targeting
sequence. Cell 64, 615–623.
Rosenbaum, J.L., Witman, G.B., 2002. Intraflagellar transport. Nat. Rev.,
Mol. Cell Biol. 3, 813–825.
Salisbury, J.L., Sanders, M.A., Harpst, L., 1987. Flagellar root contraction
and nuclear movement during flagellar regeneration in Chlamydomonas
reinhardtii. J. Cell Biol. 105, 1799–1805.
Sanders, M.A., Salisbury, J.L., 1989. Centrin-mediated microtubule
severing during flagellar excision in Chlamydomonas reinhardtii .
J. Cell Biol. 108, 1751–1760.
Scholey, J.M., Rogers, G.C., Sharp, D.J., 2001. Mitosis, microtubules, and
the matrix. J. Cell Biol. 154, 261–266.
Sekimoto, T., Imamoto, N., Nakajima, K., Hirano, T., Yoneda, Y., 1997.
Extracellular signal-dependent nuclear import of Stat1 is mediated by
nuclear pore-targeting complex formation with NPI-1, but not Rch1.
EMBO J. 16, 7067–7077.
Shimizu, K., Kawabe, H., Minami, S., Honda, T., Takaishi, K., Shirataki,
H., Takai, Y., 1996. SMAP, an Smg GDS-associating protein having
arm repeats and phosphorylated by Src tyrosine kinase. J. Biol. Chem.
271, 27013–27017.
Shimizu, K., Shirataki, H., Honda, T., Minami, S., Takai, Y., 1998.
Complex formation of SMAP/KAP3, a KIF3A/B ATPase motor-
associated protein, with a human chromosome-associated polypeptide.
J. Biol. Chem. 273, 6591–6594.
Signor, D., Wedaman, K.P., Orozco, J.T., Dwyer, N.D., Bargmann, C.I.,
Rose, L.S., Scholey, J.M., 1999a. Role of a class DHC1b dynein in
retrograde transport of IFT motors and IFT raft particles along cilia, but
not dendrites, in chemosensory neurons of living Caenorhabditis
elegans. J. Cell Biol. 147, 519–530.
R.L. Morris et al. / Developmental Biology 274 (2004) 56–69 69Signor, D., Wedaman, K.P., Rose, L.S., Scholey, J.M., 1999. Two
heteromeric kinesin complexes in chemosensory neurons and sensory
cilia of Caenorhabditis elegans. Mol. Biol. Cell 10, 345–360.
Sloboda, R.D., 2002. A healthy understanding of intraflagellar transport.
Cell Motil. Cytoskel. 52, 1–8.
Stephens, R.E., 1986. Isolation of embryonic cilia and sperm flagella.
Methods Cell Biol. 27, 217–227.
Stephens, R.E., 1995. Ciliogenesis in sea urchin embryos: a subroutine in
the program of development. BioEssays 17, 331–340.
Stommel, J.M., Marchenko, N.D., Jimenez, G.S., Moll, U.M., Hope, T.J.,
Wahl, G.M., 1999. A leucine-rich nuclear export signal in the p53
tetramerization domain: regulation of subcellular localization and p53
activity by NES masking. EMBO J. 18, 1660–1672.
Strickland, W.N., Strickland, M., de Groot, P.C., Von Holt, C., Wittmann-
Liebold, B., 1980. The primary structure of histone H1 from sperm of
the sea urchin Parechinus angulosus. 1. Chemical and enzymatic
fragmentation of the protein and the sequence of amino acids in the
four N-terminal cyanogen bromide peptides. Eur. J. Biochem. 104,
559–566.
Sumara, I., Vorlaufer, E., Gieffers, C., Peters, B.H., Peters, J.M., 2000.
Characterization of vertebrate cohesin complexes and their regulation in
prophase. J. Cell Biol. 151, 749–761.
Sumara, I., Vorlaufer, E., Stukenberg, P.T., Kelm, O., Redemann, N., Nigg,
E.A., Peters, J.M., 2002. The dissociation of cohesin from chromosomes
in prophase is regulated by Polo-like kinase. Mol. Cell 9, 515–525.
Swanson, J.A., McNeil, P.L., 1987. Nuclear reassembly excludes large
macromolecules. Science 238, 548–550.
Terasaki, M., 2000. Dynamics of the endoplasmic reticulum and Golgi
apparatus during early sea urchin development. Mol. Biol. Cell 11,
897–914.Terasaki, M., Campagnola, P., Rolls, M.M., Stein, P.A., Ellenberg, J.,
Hinkle, B., Slepchenko, B., 2001. A new model for nuclear envelope
breakdown. Mol. Biol. Cell 12, 503–510.
Tuma, M.C., Zill, A., Le Bot, N., Vernos, I., Gelfand, V., 1998.
Heterotrimeric kinesin II is the microtubule motor protein responsible
for pigment dispersion in Xenopus melanophores. J. Cell Biol. 143,
1547–1558.
Vashishtha, M., Walther, Z., Hall, J.L., 1996. The kinesin-homologous
protein encoded by the Chlamydomonas FLA10 gene is associated with
basal bodies and centrioles. J. Cell Sci. 109 (Pt. 3), 541–549.
Wang, S.Z., Adler, R., 1995. Chromokinesin: a DNA-binding, kinesin-like
nuclear protein. J. Cell Biol. 128, 761–768.
Wedaman, K.P., Meyer, D.W., Rashid, D.J., Cole, D.G., Scholey, J.M.,
1996. Sequence and submolecular localization of the 115-kD accessory
subunit of the heterotrimeric kinesin-II (KRP85/95) complex. J. Cell
Biol. 132, 371–380.
Wen, W., Meinkoth, J.L., Tsien, R.Y., Taylor, S.S., 1995. Identification of a
signal for rapid export of proteins from the nucleus. Cell 82, 463–473.
Wilson, E.B., 1925. The Cell in Development and Heredity. The MacMillan
Company, New York.
Witman, G.B., 1990. Introduction to cilia and flagella. In: Bloodgood, R.A.
(Ed.), Ciliary and Flagellar Membranes. Plenum Publishing Corp, New
York, pp. 1–30.
Yamazaki, H., Nakata, T., Okada, Y., Hirokawa, N., 1995. KIF3A/B: a
heterodimeric kinesin superfamily protein that works as a microtubule
plus-end directed motor for membrane organelle transport. J. Cell Biol.
130, 1387–1399.
Yamazaki, H., Nakata, T., Okada, Y., Hirokawa, N., 1996. Cloning and
characterization of KAP3: a novel kinesin superfamily-associated
protein of KIF3A/3B. Proc. Natl. Acad. Sci. U. S. A. 93, 8443–8448.
